Abstract: GUITAR (Graphene from the University of Idaho Thermolyzed Asphalt Reaction) has the classical basal and edge plane morphology of graphites and thin layer graphenes with similar X-ray photoelectron spectroscopy (XPS), Raman and IR characteristics. However previous investigations indicated GUITAR is different electrochemically from graphenes and classical graphites. GUITAR has faster heterogeneous electron transfer across its basal plane and an electrochemical window that exceeds graphitic materials by 1 V. These beneficial properties are examined for application in the negative electrode of the vanadium redox flow battery (VRFB). Graphitic materials in this application suffer from hydrogen gassing and slow electron transfer kinetics for the V 2+/3+ redox couple. Cyclic voltammetry of the V 2+/3+ redox couple (0.05 M V 3+ in 1 M H 2 SO 4 ) on bare KFD graphite felt gives an estimated standard rate constant (k 0 ) of 8.2ˆ10´7 cm/s. The GUITAR-coated KFD graphite felt improves that quantity to 8.6ˆ10´6 cm/s. The total contribution of the cyclic voltammetric currents at´1.0 V vs. Ag/AgCl to hydrogen evolution is 3% on GUITAR-coated KFD graphite felt. On bare KFD graphite felt, this is 22%. These results establish GUITAR as an excellent alternative material for the negative electrode in the vanadium redox flow battery.
Introduction
GUITAR (Graphene from the University of Idaho Thermolyzed Asphalt Reaction) is a hypothesized new allotrope of carbon that offers many advantages over other conventional carbon-based materials in electrochemical applications [1, 2] . When compared to graphite, graphene and other planar lamellar carbon materials, GUITAR possesses significantly faster electron transfer kinetics on the basal plane (BP), which serves as the most practical electrode surface in most applications [1] . Electron transfer at the surface of graphite is seen to be more favored at the terminating edges and grain boundaries as compared to the basal plane. This behavior is not observed with GUITAR. In previous work, we demonstrate that the kinetics of both the edges as well as the planar surfaces of GUITAR are equally fast in Fe(CN) 6 4´/3´, which is one of several properties which gives GUITAR a significant advantage over other carbon electrode materials in electrochemical applications [1] . The facile heterogeneous electron transfer (HET) rate of Basal Plane-GUITAR (BP-GUITAR) is attributed to increased density of electronic states (DOS) from the structural defects within its molecular planes [1] . Also of great interest is GUITAR's large potential window for operation [1] . On the cathodic side, GUITAR's overpotential for hydrogen evolution exceeds other graphitic materials [1] . On the anodic side, GUITAR exhibits high resistance to corrosion and oxygen gassing. Taken together, GUITAR has a 3 V aqueous electrochemical window at 200 µA/cm 2 , which is similar to boron doped diamond electrodes and exceeds other graphitic materials by 1 volt [2] [3] [4] [5] . These properties make GUITAR ideally suited for applications in batteries, fuel cells, ultracapacitors, water purification, solar energy conversion devices, and electrochemical sensors [2] . Redox flow batteries (RFB) offer economical advantages and will find applications in grid-level power buffering [6] [7] [8] . RFBs are also free from the constraints of cycle-life limitations and are ideally suited for electrical energy storage applications including frequency regulation, load following, peak shaving and energy time shift [6, 8, 9] . The all-vanadium redox flow battery (VRFB) is a promising RFB and is based on the reactions of V 3+/2+ and V 4+/5+ [10] . VRFB's possess high efficiency operation as evidenced by fast response rates, deep discharge levels, long life and high discharge rates, while maintaining very low self-discharge rates. One particular advantage over several other redox flow batteries is that the cross mixing of anolytes and catholytes will not result in severe catastrophic reactions, as both contain vanadium ions [10] [11] [12] [13] .
To increase power and energy densities, all flow batteries require both fast HET rates as well as minimized parasitic electrode reactions. In the negative cell of VRFB, two major issues are of concern: (i) slow HET rates with the V 3+/2+ redox couple and (ii) parasitic hydrogen evolution [14] [15] [16] . A consequence of the former is low power density and low energy efficiency whereas the latter results in a loss in both coulombic and energy efficiency of the battery [17] . Parasitic evolution of hydrogen gas can interrupt the electrolyte flow, lead to changes in the pH, increase the cell resistance and finally dissipate the total energy [11, 17, 18] . Formation of hydrogen gas bubbles on negative electrode also blocks the electrode surface for V 3+/2+ HET [14] . Approximately 5%-25% of charging current is lost due to the parasitic hydrogen evolution at negative half of the VRBs. These hydrogen evolution percentages are calculated based on the given values/graphs in literature [17] [18] [19] [20] [21] . Therefore, minimization of parasitic hydrogen evolution in negative cells is critical for a durable and economically viable VRB. It is notable that GUITAR has a hydrogen overpotential of 900 mV vs. SHE in 1 M H 2 SO 4 which exceeds graphite by over 300-500 mV [22] .
In order to increase V 3+/2+ HET rates, the electrode material should have a high surface area but also be mechanically and chemically stable [20, 23, 24] . Active research is going on to identify such materials with the greatest focus being on carbon and graphite felts [25] [26] [27] [28] . These electrodes offer cost effectiveness but suffer from slow V 3+/2+ HET rates and from significant parasitic hydrogen evolution [17, 29] . In previous investigations GUITAR exhibited facile HET rates with Fe(CN) 6 3´/4á nd Ru(NH 3 ) 6 2+/3+ redox couples [22, 30] . In this investigation, we assess the HET rate constant for V 3+/2+ redox system and contribution of hydrogen evolution on the overall voltammetric current on GUITAR flake, KFD graphite felt and GUITAR coated KFD graphite felt electrodes.
Results and Discussion

GUITAR Coated Graphite Felt Electrode
Electrode materials used in the VRFB are often carbon and graphite felts, which have relatively high surface area and allow for electrolyte flow through the fibers [20, [31] [32] [33] . In this investigation, KFD graphite felt ( Figure 1A ) was examined as an electrode material for VRFBs. Figure 1C shows the GUITAR-coated KFD graphite felt material (GUITAR/KFD), which has the metallic luster seen in previous studies using flat electrode configurations. Figure 1B is a photograph of graphite exposed to the same temperatures as the TAR but without roofing tar precursors, which shows noticeable contraction. In order to determine the depth of deposition, scanning electron microscopy (SEM) was conducted on as-received and GUITAR-coated KFD graphite felt (Figure 2 ). Fiber thickness of the bare felt measured in this work is within literature range and is measured as 8.70˘0.46 µm (n = 10) [34] .
Deposition of GUITAR results in an increase in fiber thickness to 12.34˘0.34 µm (n = 10) indicating an estimated depth of the deposited GUITAR layer of 1.8 µm. Also notable is that deposition of GUITAR apparently fills pores and smoothens the graphite felt fibers (Figure 2) . The "smooth" (or true) surface areas of the KFD graphite felt and GUITAR/KFD were calculated assuming the felt electrode is made up of cylindrical graphite fibers as considered in Smith et al. [35] (more detail in supporting information, Table S1 ). The "smooth" surface area is found to be 64.4 cm 2 per cm 2 geometric area for KFD graphite felt and 61.6 cm 2 per cm 2 geometric area for GUITAR-coated KFD graphite felt. The electrochemical surface area (ECSA) of the KFD graphite felt and GUITAR/KFD felt electrodes were estimated from the Randles-Sevcik equation [36] using cyclic voltammograms on the electrodes in 1 mM Fe(CN) 6 3´/4´( see Table S2 ). The electrochemical surface area (ECSA) of the KFD graphite felt was obtained as 61.5 cm 2 per cm 2 geometric area which is consistent with theoretical value. However, for GUITAR/KFD felt, the ECSA is 50.6 cm 2 per cm 2 geometric area which is around 15% less than the true surface area. Deposition of GUITAR results in an increase in fiber thickness to 12.34 ± 0.34 μm (n = 10) indicating an estimated depth of the deposited GUITAR layer of 1.8 μm. Also notable is that deposition of GUITAR apparently fills pores and smoothens the graphite felt fibers ( Figure 2 ). The "smooth" (or true) surface areas of the KFD graphite felt and GUITAR/KFD were calculated assuming the felt electrode is made up of cylindrical graphite fibers as considered in Smith et al. [35] (more detail in supporting information, Table S1 ). The "smooth" surface area is found to be 64.4 cm 2 per cm 2 geometric area for KFD graphite felt and 61.6 cm 2 per cm 2 geometric area for GUITAR-coated KFD graphite felt. The electrochemical surface area (ECSA) of the KFD graphite felt and GUITAR/KFD felt electrodes were estimated from the Randles-Sevcik equation [36] using cyclic voltammograms on the electrodes in 1 mM Fe(CN)6 3−/4− (see Table S2 ). The electrochemical surface area (ECSA) of the KFD graphite felt was obtained as 61.5 cm 2 per cm 2 geometric area which is consistent with theoretical value. However, for GUITAR/KFD felt, the ECSA is 50.6 cm 2 per cm 2 geometric area which is around 15% less than the true surface area. Deposition of GUITAR results in an increase in fiber thickness to 12.34 ± 0.34 μm (n = 10) indicating an estimated depth of the deposited GUITAR layer of 1.8 μm. Also notable is that deposition of GUITAR apparently fills pores and smoothens the graphite felt fibers ( Figure 2 ). The "smooth" (or true) surface areas of the KFD graphite felt and GUITAR/KFD were calculated assuming the felt electrode is made up of cylindrical graphite fibers as considered in Smith et al. [35] (more detail in supporting information, Table S1 ). The "smooth" surface area is found to be 64.4 cm 2 per cm 2 geometric area for KFD graphite felt and 61.6 cm 2 per cm 2 geometric area for GUITAR-coated KFD graphite felt. The electrochemical surface area (ECSA) of the KFD graphite felt and GUITAR/KFD felt electrodes were estimated from the Randles-Sevcik equation [36] using cyclic voltammograms on the electrodes in 1 mM Fe(CN)6 3−/4− (see Table S2 ). The electrochemical surface area (ECSA) of the KFD graphite felt was obtained as 61.5 cm 2 per cm 2 geometric area which is consistent with theoretical value. However, for GUITAR/KFD felt, the ECSA is 50.6 cm 2 per cm 2 geometric area which is around 15% less than the true surface area. 
Estimation of Hydrogen Overpotential by Cyclic Voltammetry in 1 M H 2 SO 4
Cathodic limits at 200 µA/cm 2 in 1 M H 2 SO 4 for graphitic materials lie between´0.3 V to´0.5 V (vs. SHE) (See Table 1 and references therein). The cathodic limit for a flat GUITAR electrode iś 0.9 V (vs. SHE) as obtained from the cyclic voltammogram. This is similar to a previous study with GUITAR electrodes [22] . On the graphite felt electrode of this study, the hydrogen wave onset is estimated at´0.4 V (vs. SHE) at 200 µA/cm 2 and lies within the range of literature graphitic materials. It is important to note that the cathodic limit of the felt electrodes, both bare and GUITAR-coated is calculated based on the true surface area. On the GUITAR-coated graphite felt electrode, the hydrogen wave onset potential is´0.75 V (vs. SHE), a 350 mV increase in overpotential relative to the bare felt. 
Estimation of V 3+/2+ HET Rates by Cyclic Voltammetry (CV)
The HET rates of V 3+/2+ redox couple is relatively slow on most graphitic materials (see Table 2 ). The sequence of CV curves for the V 3+/2+ (0.050 M VCl 3 , 1 M H 2 SO 4 ) redox couple on flat GUITAR flake, bare KFD graphite felt, and GUITAR-coated graphite felt electrodes are shown in Figure 3A -C, respectively. Scan rate variation on KFD graphite felt and GUITAR/KFD felt electrode in 1 mM Fe(CN) 6 3´/4´( in 1 M KCl) showed semi-infinite diffusion behavior (where peak current is proportional to the square root of scan rate) at and above 75 mV/s ( Figures S1 and S2 ). Cyclic voltammograms were recorded at a scan rate of 200 mV/s to avoid the thin layer voltammetry (where peak current is directly proportional to the scan rate) [37] . The cathodic peak current density is 25˘2 mA/cm 2 (n = 3) on the flat GUITAR electrode ( Figure 3A) at´1.2 V (vs. Ag/AgCl). The peak current density is measured based on geometric area of the electrode. This corresponds to a standard rate constant (k 0 ) of 4.8ˆ10´6 cm/s when modelled through Digisim software. For the bare KFD felt electrode, the cathodic peak current density is 150˘10 mA/cm 2 (n = 3) ( Figure 3B ) at´1.2 V (vs. Ag/AgCl) which corresponds to a modelled standard rate constant (k 0 ) of 8.2ˆ10´7 cm/s. For the GUITAR-coated KFD felt electrode, the cathodic peak current density is 420˘20 mA/cm 2 (n = 3) at´1.2 V (vs. Ag/AgCl) which corresponds to a modelled standard rate constant (k 0 ) of 8.6ˆ10´6 cm/s that is 10 times faster than the k 0 for the bare KFD graphite felt system ( Figure 3C ). This is despite the apparent decrease in true surface area with GUITAR-coated KFD electrodes (61.6 cm 2 /cm 2 geometric area). HET rates are much faster than the bare KFD graphite felt systems (64.4 cm 2 /cm 2 geometric area). The GUITAR-coated KFD electrode exhibits significantly higher current density over the bare KFD felt ( Figure 3B,C) . This improvement in HET rates with GUITAR/KFD electrodes was discussed in a previous publication [22] . Graphitic materials have a well-known anisotropy in HET rates between the basal and edge planes. In general, the edge plane (EP) is much faster at these rates by several orders of magnitude over the basal plane (BP) [38, 39] . This is very acute in crystalline graphites where the density of electronic states near the Fermi level is very low [38] . Also noteworthy is that the majority of exposed graphitic surface of KFD fibers is expected to be basal plane in nature. In previous investigations, the BP-GUITAR was found to have HET rates for Fe(CN) 6 4´/3´s imilar to those of its EP-GUITAR and EP-graphites. The k 0 rates for BP-GUITAR (10´2 cm/s) surpasses those for BP-highly oriented pyrolytic graphite (HOPG) and BP-graphene by five or more orders of magnitude [1, 22] . The V 3+/2+ redox couple does not exhibit enhanced HET kinetics on the BP-GUITAR as opposed to literature BP-HOPG (Table 2) , with both being about 10´6 cm/s. McCreery classifies the V 3+/2+ as a redox species whose HET rates are catalyzed by surface oxides [40] . Elemental analysis of GUITAR by XPS reveals that it has a low surface oxygen content [30] . Modification of the GUITAR surface with oxide groups for improved HET rates will be a focus of future investigations. Graphitic materials have a well-known anisotropy in HET rates between the basal and edge planes. In general, the edge plane (EP) is much faster at these rates by several orders of magnitude over the basal plane (BP) [38, 39] . This is very acute in crystalline graphites where the density of electronic states near the Fermi level is very low [38] . Also noteworthy is that the majority of exposed graphitic surface of KFD fibers is expected to be basal plane in nature. In previous investigations, the BP-GUITAR was found to have HET rates for Fe(CN)6 4−/3− similar to those of its EP-GUITAR and EPgraphites. The k 0 rates for BP-GUITAR (10 −2 cm/s) surpasses those for BP-highly oriented pyrolytic graphite (HOPG) and BP-graphene by five or more orders of magnitude [1, 22] . The V 3+/2+ redox couple does not exhibit enhanced HET kinetics on the BP-GUITAR as opposed to literature BP-HOPG (Table  2) , with both being about 10 −6 cm/s. McCreery classifies the V 3+/2+ as a redox species whose HET rates are catalyzed by surface oxides [40] . Elemental analysis of GUITAR by XPS reveals that it has a low surface oxygen content [30] . Modification of the GUITAR surface with oxide groups for improved HET rates will be a focus of future investigations. Figure 3D shows hydrogen production as a percentage of total current. The percent of hydrogen evolution was calculated as the ratio of background current (in 1 M H2SO4) to V 3+ reduction current (0.05 M V 3+ in 1 M H2SO4) at a scan rate of 200 mV/s on three electrodes. These are estimated from the cyclic voltammetric waves in Figure 3 . At −1.0 V, the percentage of hydrogen evolution on flat GUITAR and GUITAR/KFD graphite felt electrodes are observed as 1% and 3%, respectively. On bare KFD graphite felt, 22% of the total current is attributable to hydrogen production ( Figure 3D and Table 3 ). When compared to literature, GUITAR flake and GUITAR-coated KFD graphite felt electrodes are the lowest reported for the fraction of the total cathodic current diverted to hydrogen evolution. This high overpotential for hydrogen evolution is not well understood and was reported Figure 3D shows hydrogen production as a percentage of total current. The percent of hydrogen evolution was calculated as the ratio of background current (in 1 M H 2 SO 4 ) to V 3+ reduction current (0.05 M V 3+ in 1 M H 2 SO 4 ) at a scan rate of 200 mV/s on three electrodes. These are estimated from the cyclic voltammetric waves in Figure 3 . At´1.0 V, the percentage of hydrogen evolution on flat GUITAR and GUITAR/KFD graphite felt electrodes are observed as 1% and 3%, respectively. On bare KFD graphite felt, 22% of the total current is attributable to hydrogen production ( Figure 3D and Table 3 ). When compared to literature, GUITAR flake and GUITAR-coated KFD graphite felt electrodes are the lowest reported for the fraction of the total cathodic current diverted to hydrogen evolution. This high overpotential for hydrogen evolution is not well understood and was reported in a previous publication [22] . The hydrophobicity of GUITAR may diminish proton adsorption on its surface. The detailed mechanism of this behavior, however, is not well understood and is a subject of future study. Table 3 highlights the relevant literature. The fraction (as percent) of the total current that evolves hydrogen ranges from a few % to greater than 50%. These values are stated within the publication or calculated from the data in the respective figure mentioned in the table. No other materials approach GUITAR's performance of 1% hydrogen current at´1.0 V (vs. Ag/AgCl) in 1 M H 2 SO 4 . Table 3 .
Percentage Hydrogen Evolution
Comparison of H 2 evolution as a percentage of total current at different carbon electrodes. See Figure 3 for the corresponding cyclic voltammograms. The specific potentials and V 3+ and H 2 SO 4 concentrations are noted. [32] * Carbon paper coated with super activated carbon supported tungsten trioxide. Electrode fabrication and electrochemical cell setup: GUITAR was synthesized as described by previous procedures through the thermolyzed asphalt reaction (TAR) [2, 30, 48] . Deposition of GUITAR onto graphite felt was achieved by this method [30, 48] . Graphite felt strips were placed into the crucible prior to the TAR method which allowed GUITAR deposition on the felt fibers. An aliquot of 30 g of roofing tar was used to coat a single batch of graphite felt (3 pieces, each of 15 mmˆ5 mm). The coating process took 30-35 min. Both the KFD felt and GUITAR/KFD felt electrodes were encased with paraffin wax in order to obtain a specific geometric area. Ohmic contact was made with a copper alligator clip ( Figure S2 ). Electrodes were then made hydrophilic prior to any voltammetric measurements. This was achieved by washing in ethanol, rinsing with deionized water, followed by agitation in the electrochemical cell solution as proposed by Smith et al. [35] .
Materials and Methods
Materials
All electrochemical studies were conducted in a three-electrode undivided cell with a reticulated vitreous carbon basket counter electrodes (Bioanalytical Systems, Inc. West Lafayette, IN, USA) and an Ag/AgCl/3M NaCl (aq) (0.209 V vs. SHE) reference electrode. Cyclic voltammetry (CV) was carried out using a Bioanalytical Systems CV-50W potentiostat (West Lafayette, IN, USA). The supporting electrolytes (1 M H 2 SO 4 ) were de-aerated by bubbling with N 2 (g) for 15 min before addition of VCl 3 . All the solutions were de-aerated by purging with N 2 (g) for at least 15 min before recording cyclic voltammograms.
Modelling of Cyclic Voltammetric Curves: The standard rate constants (k 0 , cm/s) were determined by modeling experimental voltammograms with Digisim version 3.03b software (Bioanalytical Systems, Inc. West Lafayette, IN, USA). All CVs were corrected for background hydrogen waves. The transfer coefficient (α) is assumed as 0.5 as used in modelling of V 3+/2+ HET rates in literature [21, 49] . The modeling software converged on a diffusion coefficient of 6ˆ10´6 cm 2 /s which is also within the range reported in literatures (1.4ˆ10´6 to 8.4ˆ10´6 cm 2 /s) [21, 45, 49] . Semi-infinite linear diffusion system was considered during the simulation. The half wave potential (E 1/2 = ½ (E pc + E pa )) was calculated as´0.490 V. Scan rate and concentrations (for V 3+ ) used were 0.2 V/s and 0.05 M, respectively. The uncompensated solution resistances were considered as 1.0 Ω for both the KFD felt and the GUITAR/KFD felt and 15.0 Ω for GUITAR flake during the simulation and were measured using the potentiostat.
Conclusions
This investigation indicates that the application of GUITAR coatings to existing carbon materials for the negative electrode of the VRFB is a viable method for the reduction of parasitic hydrogen gassing as well as increasing the slow HET rates for V 3+/2+ . The HET rate for V 3+/2+ (0.05 M V 3+ in 1.0 M H 2 SO 4 ) on GUITAR-coated KFD felt is 10 times faster than that of the bare KFD graphite felt with a total current that contributes only 3% hydrogen evolution at´1.0 V (vs. Ag/AgCl). Future endeavors will examine the mechanism for V 3+ reduction, the observed decrement of hydrogen evolution at the negative electrode, as well as the positive (V 5+/4+ ) electrode reactions on GUITAR surface. It is expected that GUITAR will enhance the positive electrode performance from the standpoint of corrosion resistance.
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2311-5629/ 2/2/13/s1.
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